Integrin-associated protein (IAP), also known as CD47, was first discovered as a protein physically and functionally associated with the integrin αvβ3 but now is known to associate with additional integrins, such as α2β1 and αIIbβ3, and also to have ligands of its own. This very unusual member of the immunoglobulin (Ig) superfamily includes a single Ig domain, followed by a very hydrophobic region that spans the membrane five times, and a short cytoplasmic tail that demonstrates tissue-specific expression of four alternatively spliced isoforms. IAP binds both the large plasma and ECM glycoprotein thrombospondin (TSP) and a cell-based ligand, SIRPα, independent of its association with integrins. Ligation of the integrin/IAP complex on a variety of cells can induce adhesion, chemotaxis, spreading, secretion, and other sequelae of cell activation.
The work by Brittain et al., reported in this issue of the JCI (1), suggests that IAP-mediated activation may extend to circulating reticulocytes, cells not normally thought to respond to environmental cues by changing adhesive behavior. IAP may therefore play an important role in sickle-cell disease, in which large numbers of reticulocytes circulate and can adhere within small blood vessels. This work not only has implications for the pathophysiology and treatment of sickle cell anemia, but also raises important questions about the mechanisms of IAP signal transduction.
The IAP/integrin complex initiates signaling by an unusual mechanism. Ligand engagement of the integrin/IAP complex can activate heterotrimeric G protein signal transduction (2) . To date, the only Gα subunit identified that is associated with this membrane complex is Gα i , and indeed, most of the identified functions of the complex are sensitive to pertussis toxin, which targets this subunit.
Activation of heterotrimeric G protein signaling by the integrin/IAP complex
Integrin, IAP, and heterotrimeric G proteins can be coprecipitated as a complex whose integrity is absolutely dependent on cholesterol. Since most other receptors that activate heterotrimeric G proteins are members of the heptaspanin family, one appealing model for activation by IAP/integrin holds that the five membrane-spanning segments of IAP and the two membrane-spanning domains of the heterodimeric integrin form an ad hoc seven-transmembrane receptor. Ligation of this complex with an adhesive ligand or TSP could activate GTPase activity in a manner analogous to that of conventional heptaspanins.
The pertussis sensitivity of TSP signaling on SS reticulocytes, demonstrated in the present study (1), might suggest that IAP ligation, even in the absence of integrin association, is sufficient to activate heterotrimeric G protein signaling. However, erythroid precursors certainly do express integrins, and work from 15 years ago suggested that loss of integrin-mediated adhesion was necessary for release of mature erythrocytes from the bone marrow (3). Thus, it remains possible that there are IAP-associating integrins on reticulocytes that might be necessary for the signaling demonstrated in the work from Brittain et al. An interesting alternative possibility is suggested by the prominent requirement for shear stress in IAPinduced reticulocyte adhesion to TSP, since shear has not been previously shown to have a role in IAP signaling events. The requirement for shear might imply that integrin and IAP do not need physical association to activate G protein signaling, but that some necessary signal common to integrin ligation and shear stress is required for an effective IAP-G protein link. A further possibility is that an IAP-containing complex exists on the surface of reticulocytes that does not contain integrins, but does contain other receptor molecules, perhaps heptaspanins, that provide a link to G i . Elucidation of whether IAP associates with other molecules in a signaling complex on reticulocytes -and, if so, the nature and response to shear of the associated molecules -will certainly shed new light on the molecular mechanisms of IAP signal transduction.
G protein-dependent and -independent functions of IAP
While neutrophil activation, platelet activation, and now reticulocyte activation appear to occur downstream of G i , a number of other functions of IAP in other cell types may not. Ligation of IAP can synergize with T cell receptor or CD28 signaling to induce IL-2 production, an effect that is not inhibited by pertussis toxin (4) (5) (6) . Whether other IAPdependent signals in lymphocytes and monocytes/macrophages are pertussissensitive has not been determined. For instance, ligation of IAP on T cells and B cells can induce apoptosis and failure of Th1 development (7, 8) . Similarly, ligation of macrophage IAP inhibits IL-12 synthesis in response to IFN-γ (9), and ligation of the αvβ3/IAP complex by sCD23 induces monocyte production of IL-6 (10). Thus, it remains possible that IAP also may initiate G protein-independent signal transduction. While pertussis-insensitive IAP signaling can cause actin polymerization and translocation of the θ isoform of protein kinase C in T cells (11) , nothing is known of the molecular basis for initiation of this pathway. It has recently been suggested that IAP can aid self-nonself discrimination, since the absence of IAP on erythrocytes leads to their rapid clearance from the circulation (12) . This role for IAP seems to be intimately tied to its recognition by SIRPα on splenic macrophages; it is not clear that IAP signal transduction is required in this circumstance at all.
It is possible that TSP and SIRPα, the two different ligands for IAP, have very different consequences for IAP signal transduction. TSP1 binds to IAP via a peptide sequence in its carboxyterminal domain -RFYVVMWK -that is conserved among the products of all five TSP genes (13) . Thus, although it has never been tested, it is likely that all TSP isoforms bind to IAP. In contrast to SIRPα, which clearly binds to the IAP Ig domain, the interaction site on IAP for TSP has not been mapped. Peptides, chemokines, catecholamines, and other ligands bind to the extracellular loops or hydrophobic pockets within the multiply multiplemembrane-spanning domains of conventional G protein-coupled receptors (14) . Thus, it is possible that TSP binds to the multiply membrane-spanning domain of IAP, rather than, or in conjunction with, its binding to the Ig domain. This could be a critical difference in the effects of IAP ligation by TSP and by SIRPα: whereas TSP and the RFYVVMWK peptide can activate G i signaling, this has never been shown for SIRPα.
Whether SIRPα and TSP1 can bind to IAP simultaneously is unknown; synergistic or antagonistic effects of the two ligands on IAP signaling are equally possible. This unanswered question is of particular relevance to the role of IAP in sickle-cell disease, since endothelial cells can express SIRPα. Thus, both IAP ligands may be present at sites of vascular thrombosis; the net effect of their simultaneous presence on IAP signaling is unknown. Although IAP has been shown to be involved in a variety of inflammatory and immune responses, the study by Brittain et al. is the best demonstration to date of how IAP ligation could contribute to pathophysiology of a specific disease. Further understanding of the biochemistry and function of this interesting, ubiquitous, and apparently unique molecule may give clues to where -and whether -IAP-directed therapy will have a role in treatment of sickle-cell or other diseases.
